The association between physical activity (PA) and atrial fibrillation (AF) remains unclear. We thus investigated association of PA with the development of AF. Type and duration data for PA were acquired from 211,992 AF-free individuals using the validated Korean version of the International Physical Activity Questionnaire Short From between March 2002 and December 2014. Individuals were divided into four groups according to self-reported PA level and previous international PA guidelines: no PA with a sedentary lifestyle, insufficient PA, sufficient PA, and health-enhancing PA. AF was diagnosed by annual 12-lead electrocardiogram. During a median follow-up of 5.6 years, AF occurred in 304 participants (annual AF incidence rate 2.5/10,000 person-years). After adjusting for age and sex, PA level was not associated with AF incidence (P for trend = 0.26). The multivariable-adjusted hazard ratios (95% confidence interval) for incidental AF was 1.00 (0.74-1.37) for the insufficient PA group, 1.34 (0.91-1.97) for the sufficient PA group, and 1.27 (0.72-2.23) for the health-enhancing PA group compared with the no PA group (P for trend = 0.18). Thus, our study does not support an association between the risk of AF and PA level in a young Korean population.
1
. Traditional risk factors for AF include advanced age, hypertension, diabetes mellitus, structural heart disease, alcohol abuse, pulmonary disease, and thyroid disease 2 . Vigorous long-term physical activity (PA) is reported to increase AF risk [3] [4] [5] [6] , but controversy remains regarding the association between PA and AF. Previous studies found that long-term participation in endurance sports or rigorous PA increased the risk of AF in young and middle-aged men 3, [7] [8] [9] . However, other studies reported that leisure-time PA at an older age was associated with decreased AF risk in the general population 8 . A prospective study of older men and women observed a reduction in AF risk with moderate-intensity PA but found no increase in risk with high-intensity PA 10 . These divergent results might be caused by the use of different definitions of PA or study population characteristics (e.g., age and sex). Most research about PA and risk of AF has focused on Caucasians, and studies on the relationship PA level and AF risk in Asians are scarce. Thus, we examined the influence of PA on the risk of developing AF in a large, general Korean population.
Methods
Study population. The Kangbuk Samsung Health Study is a cohort study of South Korean men and women 18 years of age or older who underwent a comprehensive annual health examination at Kangbuk Samsung Hospital Total Health Centers in Seoul or Suwon, South Korea 11 . More than 80% of participants were employees or spouses of employees of local companies or governmental organizations. In South Korea, the Industrial Safety www.nature.com/scientificreports www.nature.com/scientificreports/ and Health law requires annual or biennial health screening examinations of all employees. The remaining 20% of the participants voluntarily took part in the screening examinations. The study population was 234,170 individuals who participated in an annual comprehensive health screening examination at Kangbuk Samsung Hospital, Seoul, Korea, between March 2002 and December 2014. We excluded participants for whom data on smoking, alcohol intake, PA (n = 19,533), cancer history (n = 2,475), or baseline AF (n = 170) were missing. After these exclusions, 211,992 participants were eligible for analysis. The Institutional Review Board of Kangbuk Samsung Hospital approved this study. The need for informed consent was waived as we used only anonymized retrospective data routinely collected during the health screening process.
Measurements.
All individuals completed self-administered questionnaires related to their medical, social, smoking, and alcohol consumption history. Individuals were asked about their duration of education (high school graduate or less, community college or university graduate), smoking history (never, former, or current) and alcohol consumption (moderate <20 g/day or high ≥20 g/day). Blood pressure (BP) was measured in a sitting position with the arm supported at heart level. Hypertension (HTN) was defined as systolic BP ≥ 140 mmHg, diastolic BP ≥ 90 mmHg or self-reported history of HTN 12 . Diabetes mellitus (DM) was defined as a fasting serum glucose level ≥126 mg/dl or HbA1c ≥ 6.5%, self-reported history of diabetes, or current use of diabetes medication 13 . Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Obesity was defined according to recommendations for Asian populations 14 with a BMI threshold for obesity ≥25 kg/m 2 . Abdominal ultrasonography was performed by experienced clinical radiologists, and fatty liver was diagnosed based on standard criteria 15 . Cardiovascular disease (CVD) was defined as a group of disorders of the heart and blood vessels, including coronary heart disease and stroke.
Laboratory measurements of serum biochemical parameters, including total cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), glucose, insulin, insulin resistance, A1C, and high-sensitivity C reactive protein (hs-CRP) were the same as detailed elsewhere 11 .
Assessment of physical activity. PA levels were assessed using the validated Korean version of the International Physical Activity Questionnaire Short Form (IPAQ-SF) 16 . From 2011 on, the validated Korean version of the IPAQ-SF was used to assess the weekly frequency of moderate-or high-intensity PA. Although IPAQ-SF had not been officially introduced, similar questionnaires were used before 2011. The IPAQ-SF measures the frequency and duration of moderate-to-high-intensity PA for more than 10 continuous minutes across all usual activities at work and home or during leisure for middle-aged individuals during a seven-day period 17 . Specific questions asked to gauge the number of times per week a participant engaged in PA were: "During the past 7 days, how many days did you undertake high-intensity PA, such as heavy lifting, aerobics, or fast bicycling?" or moderate-intensity PA e.g., carrying light loads, bicycling at a steady pace, or doubles tennis?" If the answer was "1 or more", additional questions were asked, such as "How much time did you usually spend performing moderate-or high-intensity PA on one of those days 17 ?" The metabolic equivalents (MET) level-minutes per week were calculated by assigning standardized MET values of 4 and 8 for moderate-and high-intensity activities, respectively 17 . Previous international guidelines recommended at least 150 minutes per week of moderate-intensity PA and 75 minutes per week of high-intensity PA 18, 19 . Participants were divided into four groups according to IPAQ-SF and the above-mentioned guidelines: no PA with a sedentary lifestyle, insufficient PA 18, 19 , sufficient PA 18, 19 and strenuous health-enhancing PA 17, 19, 20 . Participants were categorized into the insufficient PA group if they neither meet sufficient PA nor strenuous health-enhancing PA criteria. Participants in the sufficient PA group met any of the following criteria: (1) 3 or more days of high-intensity activity of at least 20 minutes per day, (2) 5 or more days of moderate-intensity activity at least 30 minutes per day, or (3) 5 or more days of any combination of moderate-or high-intensity activities achieving at least 600 MET-minutes/ week 17 . Participants were categorized into the health-enhancing PA group if they met either of 2 criteria: (1) high-intensity activity on at least 3 days per week accumulating at least 1500 MET-minutes/week or (2) 7 days of any combination of moderate-and high-intensity activities achieving at least 3000 MET-minutes/week 17 .
Follow-up and AF detection. Diagnosis of AF was based on annual 12-lead electrocardiography and was confirmed by an experienced cardiologist.
Statistical analysis. Continuous variables were expressed as mean ± standard deviation (SD) for normally distributed variables or as median and interquartile range (IQR) if not normally distributed. Comparisons between groups were performed with one-way analysis of variance (ANOVA) with Tukey's multiple comparison analysis for continuous variables. Categorical variables were expressed as percentages and compared between groups using the Chi-square test. We conducted a Cox proportional hazard regression to estimate the hazard ratios with 95% confidence interval (CI) for AF incidence according to PA level. The group that performed no PA with a sedentary life-style was used as the reference. We adjusted analyses for three different models. Model 1 was adjusted for age, sex, center (Seoul, Suwon), year of screening examination, smoking status (never, former, or current), alcohol intake (moderate <20 g/day or high ≥20 g/day), and education level (high school graduate or less, community college, or university graduate). Model 2 was adjusted for model 1 covariates and BMI, history of HTN, DM, and CVD. Model 3 was adjusted for the covariates of model 2 and hs-CRP. Statistical analysis of data was performed using PASW version 18 (SPSS, Chicago, IL, USA). Statistical tests were two-tailed, and p < 0.05 was considered statistically significant.
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Results
During a median follow-up of 5.6 years (IQR 2.7-8.4), 304 (0.14%) AF cases (278 men and 26 women) were diagnosed, corresponding to 2.5 cases of AF per 10,000 person-years. The mean age of participants with AF was 44.7 ± 10.4 years. Baseline characteristics of the study population according to the incidence of AF are presented in Table 1 . Participants with incidental AF were more likely to be men of older age, current smokers and alcohol drinkers. They were more likely to have higher BMI, higher systolic and diastolic blood pressure, higher blood glucose, worse lipid profile, and more underlying obesity, fatty liver, HTN, and CVD than those with no AF. Table 2 shows baseline characteristics of participants according to PA level. The health-enhancing PA group was older and had fewer cardiovascular risk factors, including lower BMI, LDL-C, triglycerides, and blood insulin levels, higher HDL-C, a lower prevalence of obesity and fatty liver, and less alcohol intake than those with insufficient PA. A slightly higher proportion of people with DM, HTN, and existing CVD were included in the health-enhancing PA group compared to the no PA with a sedentary lifestyle group. Table 3 shows risk of incidental AF according to PA level. After adjusting for age and sex, PA level was not associated with AF incidence (P for trend = 0.26). After further adjustment for center, year of screening examination, smoking status, alcohol intake, education level, BMI, diabetes, HTN, CVD, and hs-CRP, PA level was not associated with AF incidence (model 3). The hazard ratio for incidental AF was 1.00 (95% CI 0.74-1.37) for the insufficient PA group, 1.34 (95% CI 0.91-1.97) for the sufficient PA group, and 1.27 (95% CI 0.72-2.23) for the health-enhancing group compared with the no PA group (P for trend = 0.18).
Discussion
Our results demonstrated that PA level was not associated with AF risk. Generally, PA protects against AF by modifying traditional cardiovascular risk factors such as HTN 21 , diabetes 22 , obesity 23 , and sleep apnea, which improve cardiac structure and function 24 . Furthermore, PA has beneficial effects on age-related declines in arterial elasticity 25 . Despite these favorable risk factor modifications, several studies have suggested that young athletes who participate in endurance sports long-term or people with high-intensity PA levels have increased risk for AF 3, 4, 6, 7 . Some studies found that AF risk is increased from 2-to 7-fold in the endurance athlete population 3, 6 . However, studies of PA risk for AF have varied widely with regard to study design, adopting diverse definitions and durations of PA and different study population characteristics (such as age and sex) 26, 27 . One retrospective study found a graded dose-response relationship between regular endurance PA and risk for AF in men aged >53 years 5 . However, Mozaffarian et al. reported a U-shaped association between PA and AF risk in adults ≥65 years 10 : moderate-intensity PA was associated with significantly lower AF incidence compared with no PA, but high-intensity PA did not significantly lower risk compared to no PA. Some authors demonstrated a J-shaped relationship between PA and the risk of AF, suggesting that AF risk was negatively associated with moderate-intensity PA, but positively associated with high-intensity PA via autonomic nervous system alterations and remodeling of www.nature.com/scientificreports www.nature.com/scientificreports/ the heart 28, 29 . This study also found that lower resting heart rate was associated with risk of AF and could be used as an alternative measure to overcome the methodological limitations of self-reported PA 28 . Similar results in a large cohort study indicated that low resting heart rate and high-intensity PA were associated with AF 30 . Recent meta-analysis demonstrated that sedentary lifestyle significantly increases and moderate-intensity PA reduces the risk of AF in men and women 27 . A large cohort study reported that higher levels of moderate-to high-intensity leisure-time PA (for more than five hours/week) at a younger age (30 years) in men was associated with increased AF risk later in life 8 , whereas leisure time PA in older men (mean age of 60 years) did not increase the risk of AF. Frequent high-intensity PA (5-7 times/week) has been reported to increase AF risk by 20% in men <50 years old compared to those who do not engage in PA 31 . These studies suggested that long-term high-intensity PA at a younger age increases risk of AF.
Potential mechanisms for increased AF with frequent high-intensity PA include left atrial enlargement, left ventricular hypertrophy, left ventricular dilation, inflammatory changes to the atrium, and increased parasympathetic tone 32, 33 . Contrary to the findings of previous studies, our study indicated that high-intensity PA was not www.nature.com/scientificreports www.nature.com/scientificreports/ significantly associated with increased AF risk. Despite additional analysis after reclassification of the excessive PA group among the health-enhancing group, there were no significant associations between PA and AF risk. Our study population was not at high risk for AF because of their relatively younger age and low prevalence of HTN (14%), diabetes (2.7%), and CVD (3.3%). These baseline characteristics were not significantly different from other studies 28, 30 . However, direct comparisons of PA level among studies is challenging due to the diverse definitions of the intensity and duration of PA used in each study. Some studies included elite skiers 5, 6 or marathon runners 3 over a 10-year follow-up period, and the PA level of people engaging in these sports would be higher than that garnered from leisure time PA in the general population. The average degree of self-reported PA in our study might not be as intense as that of athletes, and therefore may be insufficient to cause structural remodeling of the heart that could affect AF incidence. The beneficial effects of PA on modifiable risk AF factors, including HTN 21 , diabetes 34 , and obesity could override the potential negative effects of high-intensity PA in the general population. Some previous studies reported gender differences in the association between PA and incident AF 27, 35, 36 . They found that women did not exhibit the same increased risk of AF with high-intensity PA as men. A possible explanation was that women have less pronounced atrial remodeling and lower sympathetic tone despite comparable PA compared with men 37 . Whereas AF patients were predominantly men in our study, the incidence of AF in women was too small for statistical analysis. Future large-scale studies investigating gender differences between PA and the risk of AF are needed. Another study demonstrated that height was associated with AF 9 . Although AF patients were taller compared with those without AF in our study, the relationships between height and the incidence of AF remain unclear.
Our results were in line with the Danish Diet, Cancer, and Health study, which did not demonstrate an association between working hours or PA and AF risk 38 . The study proposed that the association may be weak because publication bias has led to an overemphasis on the association between risk of AF and endurance sport activities. Some meta-analyses found no significant increase in AF with high-intensity PA [39] [40] [41] . Our study was a general Asian population-based study with a large sample size, but a small number of AF cases. Our study had several limitations. First, PA level was self-reported. Although we used the validated IPAQ-SF, recall bias was still possible, such as over-reporting or imprecise reporting of PA. More objective and accurate measures of PA such as maximal oxygen uptake (VO 2 max ) could be used to clarify the relationship between PA and AF risk in future studies. Second, it is possible that the incidence of AF could have been underestimated; we cannot rule out the possibility that some participants classified as non-cases had paroxysmal AF. Yearly assessment of AF with only a 12-lead ECG could miss paroxysmal AF or short-duration AF in younger (<40 years) individuals. Frequent and longer ECG monitoring such as seven-day Holter monitoring, event recording, or an implantable loop recording could be more accurate diagnostic tools for paroxysmal AF. Third, there might have been selection bias because >80% of the study population consisted of employees or spouses of employees of local companies and governmental organizations, therefore limiting generalizability to the entire Korean population. Fourth, AF incidence and prevalence will likely grow as the population continues to age. There may have been too few cases of AF to validate its association with PA level because our study cohort was not at high risk for AF. Generalization of our study to other populations should be undertaken with caution. Lastly, the relatively short follow-up period could be another limitation to fully evaluating the association between PA and the risk of AF.
In conclusion, our study does not support an association between the risk of AF and PA level in a young Korean population.
